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ABSTRACT OF THE THESIS
MULTI-OBJECTIVE ANALYSIS AND OPTIMIZATION OF INTEGRATED
COOLING OF MICRO-ELECTRONICS WITH HOT SPOTS
by
Sohail R. Reddy
Florida International University, 2015
Miami, Florida
Professor George S. Dulikravich, Major Professor
With computing power from electronic chips on a constant rise, innovative
methods are needed for efficient thermal management. Arrays of micro pin-fins act not
only as heat sinks, but also allow for the electrical interconnection between stacked
layers of integrated circuits. This work performs a multi-objective optimization of three
shapes of pin-fins to maximize the efficiency of this cooling system. An inverse design
approach that allows for the design of cooling configurations without prior knowledge
of thermal mapping was proposed and validated. The optimization study showed that
pin-fin configurations are capable of containing heat flux levels of next generation
electronic chips without compromising the structural integrity. The inverse approach
identified configurations capable of cooling heat fluxes beyond those of next generation
chips. Analysis of thin film heat spreaders made of diamond and graphene nanoplatelets showed that further reduction in temperature and thermal stresses, and increase
in temperature uniformity are possible.
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CHAPTER 1

1.

INTRODUCTION

This section consists of a brief review and challenges in cooling and thermal
management of electronics. Various techniques of thermal managements are presented
and the proposed technique is discussed. Previous work done on the thermal management
techniques is identified and objectives of this work are stated.

1.1

Background

Integrated circuits (ICs) of today operate at a heat flux level of approximately 100
W/cm2, where the level of heat flux is assumed to be directly proportional to the
operating (clock) speed of the IC. These types of ICs are usually found in laptops, TVs,
cell phones and defense equipment. With the number of transistors per square inch of IC
doubling every two years according to Moore’s Law, the performance output, and
consequently the heat fluxes, are on a constant rise (Figure 1). The heat flux levels in the
next generation chips are predicted to reach 500 W/cm2 at the background and in excess
of 1000 W/cm2 at the hot spots [1]. This dramatic increase in heat flux levels directly
increases the IC temperatures outside of the electronic chip’s optimum operating
condition, thereby leading to reduced performance. The higher temperatures also increase
thermal stresses, which over time can lead to fatigue and structural failure.
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Figure 1. Maximum heat flux reported over the years by [2]

Over the last three decades various methods have been investigated for their ability to
cope with such heat fluxes. Figure 2 shows the various methods applied for cooling high
heat flux and the maximum reported heat flux that each cooling method is capable of
handling. Figure 1 and Figure 2 show that many attempts and efforts have been made to
investigate configurations capable of containing such high heat fluxes.
A traditional method of cooling such high heat flux configurations is through forced
convection which requires a fluid, usually water or a refrigerant, to be pumped through
the IC to remove the thermal energy. Although this dramatically increases the heat
transfer performance of the system, it usually comes at a cost. The geometry and the
configuration of the cooling system directly determine the input power required to pump
the fluid (pumping power). This conflict of design objectives can be overcome by
performing a multi-objective optimization.
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Figure 2. Maximum heat
h flux loads managed by differentt cooling tecchnologies [22]

Multi--objective optimization
o
is a methood for multiiple criteria decision-maaking
where
w
a pro
oblem with multiple ob
bjectives is being solvved. Unlike single-objeective
op
ptimization, the multi-ob
bjective optiimization dooes not resultt in a single solution. Insstead,
multiple
m
Pareeto solutions (best trad
de-off solutioons) are obbtained. Thiss multi-objeective
op
ptimization technique can
c be applieed to the deesign of elecctronic cooliing configurration
where
w
the objjective is to increase
i
therrmal efficienncy, while reeducing the ppumping power.

1.2

Techniq
ques for Theermal Manag
gement

One of th
he oldest and
d most comm
mon methodds for heat reemoval is thhrough the uuse of
microchannel
m
l heat sinks.. This metho
od utilizes fforced conveection as thee major mode of
heat transfer where a wo
orking fluid
d, either watter or coolannt, is passedd through m
micro-
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passages to remove the thermal energy. The cross sections of these micro-passages can
vary significantly to attain the required performance and efficiency.
Wu and Mudawar [3] performed three-dimensional conjugate heat transfer analysis
on microchannel heat sinks with rectangular cross sections. The heat flux considered in
their work was 90 W/cm2 and was applied uniformly at the top surface. They observed
the temperature increase in the streamwise direction was linear and that increasing inlet
velocity increases fluid entry length, which in turn enhances heat transfer.
Abdoli et al. [4] performed thermo-fluid-stress analysis on two floor microchannels
having rectangular cross section shown in Figure 3. The heat flux of 1000 W/cm2 was
applied at the background and 2000 W/cm2 at the hot spot was applied in their analysis.
These heat flux levels closely mimic those of next generation electronics. Their research
showed that their configuration of microchannels was able to keep the maximum
temperature and maximum Von-Mises stress within acceptable range.

Figure 3. Two-floor configuraiton having rectangular microchannels [4]

Abdoli and Dulikravich performed multi-objective optimization of multi-floor
counterflow [5] and throughflow [6] microchannel heat exchangers. The heat flux
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considered for their work was 1000 W/cm2 uniformly applied at the top surface. Their
work consisted of four objectives:
1. Maximize total amount of heat removed
2. Minimize coolant pressure drop
3. Minimize maximum temperature
4. Minimize temperature non-uniformity
In recent years, micro-jet cooling has been getting more attention in the thermal
management community. This involves directly spraying the hot surface with an array of
liquid micro-jets to reduce temperatures in the region. This method can be further divided
into jet impingement and synthetic jets. Jet impingement requires an external source of
fluid and some means for pumping, whereas synthetic jets are formed from the
entrainment and expulsion of the fluid in which they are present. Micro-jet cooling is
very attractive since micro-jets can be directed onto hot spots throughout the system. It
not only decreases maximum temperature, but also temperature non-uniformity.
Fabbri and Dhir [7] optimized an array of micro-jets for cooling of high performance
electronics using an experimental approach. Their work showed that a maximum heat
flux of 310 W/cm2 is attainable while keeping maximum temperature below a threshold.
Husain et al. [8] used numerical methods, coupled with surrogate models and a
genetic algorithm to perform a multi-objective optimization. The two objective functions
in their work were thermal resistance and pumping power. The optimum design was able
to contain a heat flux of 100 W/cm2 at a maximum temperature of 66oC and a pressure
drop of about 24 kPa.
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1.3

Chosen Techniques for Thermal Management

Although micro-channel and micro-jet do not pose manufacturing difficulties, they do
not allow for compact packaging of the IC. As electronic chips decrease in size, more
compact configurations are needed. In today’s semiconductor industry, this is overcome
by using arrays of micro pin-fins. Micro pin-fin arrays, shown in Figure 4, not only act as
heat sinks, carrying heat via conduction away from the heated surface, but also allow for
electrical interconnection between stacked layers of chips. This is due to copper vias,
referred to as Through-Silicon Vias (TSVs), housed inside of the silicon pin-fins.
Copper Vias

Coolant
Figure 4. An array of micro pin-fins having circular cross sections housing Through
Silicon Vias (TSVs)

Micro pin-fins have been studied in great detail by several researchers. Alfieri et al.
[9] numerically studied the effects of size and distribution of the pin-fins on the thermal
performance of 3D stacked circuits with integrated cooling. Their work considered a
background heat flux of 50 W/cm2 and 125 W/cm2 at the hot spot. It was noticed that
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increasing the pin-fin diameter directly under the hot spot resulted in 20% lower
temperatures.
In another work, Alfieri et al. [10] computationally modeled the vortex shedding in
water-cooled array of micro pin-fins. Their research was focused on analyzing the
friction, pressure, and drag coefficients, Strouhal number, pumping power, chip
temperature and Nusslet number. Their work showed that even at low Reynolds Number,
vortex shedding is present which is incorporated into the numerical models used in this
work.
The more commonly implemented pin fin configurations feature a circular cross
section. It was seen that circular cross section leads to flow separation and creates a
recirculation region behind the pin fins. This separation reduces heat transfer and
increases the temperatures in this region. Kosar and Peles [11] and Ndao et al. [12]
experimentally investigated pin fins with four cross sections: circular, square, hydrofoil
and elliptic. It was found that the circular and square pin-fins offered higher heat transfer
coefficient due to the increased surface area.
Abdoli et al. [13] numerically investigated single floor and double floor, staggered
arrays of micro pin-fins having circular, airfoil and convex cross sections (Figure 5).
Their work showed that certain airfoil shapes can lead to lower temperatures than circular
cross section having the same surface area. It was also shown that pin-fins with airfoil
cross sections require significantly less pumping power to attain similar thermal
performance. It should be mentioned that no optimization was performed and that further
gains are possible should the configurations be optimized.
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a)

b)

c)
Figure 5. An array of micro pin-fins having: a) circular, b) airfoil, and c) convex cross
sections. Only one half of the entire array is shown and analyzed because of symmetry.

Tullius et al. [14] performed parametric optimization of six micro pin-fin cross
sections: circular, square, triangle, ellipse, diamond and hexagon. Their work lead to
important correlations between the parameters defining the configuration, Nusselt
number and heat transfer coefficients. Their work does not provide absolute or Pareto
optimum configurations, suggesting that only a parametric study was performed.
Although various cooling methods have been optimized [15, 16, 17], very little work
has been done on optimizing micro pin-fin shapes. Even fewer efforts have been
dedicated to optimizing various shapes under the same operating conditions for fair
comparison. This work addresses the issue by optimizing various micro pin-fin
configurations under the same thermal mapping.
A pattern can be discerned from the reported literature. The traditional method for
designing cooling configurations requires that the heat flux be known prior to the design
stage. This approach allows for the design of electronic cooling configuration for
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containing a specified heat flux. However, what happens when the heat flux levels
change? Can a cooling configuration be developed without prior knowledge of operating
heat flux levels? This can be formulated in a question form as follows.
Given
 Maximum allowable temperature of the material,
 Inlet cooling fluid temperature,
 Total pressure loss (pumping power affordable), and
 Overall thickness of the entire electronic component,
what is the maximum possible heat flux at the hot spot and background under which the
temperature will not exceed the maximum allowable value?
This work formulates and validates this new inverse approach to design of cooling
configurations that can be used without prior knowledge of heat flux operating levels.
This inverse design problem is solved using a constrained multi-objective optimization
algorithm.
Although next generation chips are expected to generate 1000 W/cm2 at hot spots,
certain military applications operate at much higher levels. Such high heat flux level
cannot be contained using traditional methods and more sophisticated methods must be
sought. One such method is the use of thin film heat spreaders to dissipate the heat away
from hot spots, thereby reducing the maximum temperature at the hot spot.
Fukutani and Shakouri [18] previously investigated Si and SiGe superlattice thin film
micro-coolers. They found that the hot spot temperature can be lowered by 10 to 30oC at
a heat flux of 1000 W/cm2. Their work also showed that an optimum film thickness exists
that provides the highest cooling density at the hot spots. Wang et al. [19] employed
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embedded thin film thermo-electric cooler for isothermalization of individual chips. They
showed this method could eliminate more than 90% of the temperature non-uniformity on
the electronic chip.
Much like the work done by Singh et al. [20] and Labounty et al. [21], the work
presented in this thesis investigates diamond thin films applied to micro pin-fin
configurations, and their effects on maximum temperature and temperature uniformity.
Smalc et al. [22] investigated the use of natural graphite as heat spreader that features a
much higher thermal conductivity. Current work also investigates the use of graphene
nano-platelets that offer much higher thermal conductivity at a lower material cost.

1.4

Objectives of the Research

The objective of this research is to perform a multi-objective optimization of
forced convection cooling arrays of micro pin-fins having three different cross sections:
circular, symmetric airfoil and symmetric convex. The thermal loads considered will be
those of next generation electronic chips and will be kept constant for the three cross
sections allowing for a fair comparison of their performances.
A new approach to design of such cooling configurations will also be developed
and validated. This new approach will allow for the design of such a cooling
configuration that will have the maximum possible performance subject to specified
coolant inlet temperature and a specified maximum temperature. The objectives of the
research are as follows:
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 Perform 3D, steady-state, conjugate heat transfer analysis of each array of micro
pin-fins
 Perform multi-objective optimization for each of the three micro pin-fin
geometries
 Perform stress and deformation analysis of the optimized cooling configuration
 Formulate and validate inverse design approach for each of the three micro pin-fin
configurations
 Perform 3D, steady-state, conjugate heat transfer analysis and investigate the
effects of thin film heat spreaders

1.5

Organization of the Thesis

The remaining chapters are organized as follows:
 Chapter II discusses governing equations, numerical procedures and problem
formulation
 Chapter III performs multi-objective optimization of arrays of pin-fins subjected
to uniform and non-uniform heat fluxes
 Chapter IV presents and validates the inverse design approach for the arrays of
three micro pin-fin geometries
 Chapter V performs conjugate heat transfer analysis on arrays of micro pin-fins
with thin film heat spreaders
 Chapter VI presents the discussion and recommendations for future work
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CHAPTER 1I

2.

NUMERICAL FORMULATIONS

This chapter discusses the numerical formulation and governing equations used in
each analysis. The formulation can be grouped into two distinct sections: 3D conjugate
heat transfer analysis and stress-deformation analysis.

2.1

Conjugate Heat Transfer

The 3D conjugate heat transfer (CHT) is a coupled heat convection and heat
conduction analysis in the entire solid-fluid configuration. This section is divided into the
formulations for the fluid domain and solid domain. The system of partial differential
equations governing the conjugate heat transfer was solved using the Finite Volume
Method in ANSYS Fluent.

2.1.1

Fluid Flow Model

This work utilizes water as the heat removing fluid. The small length scale and low
velocities lead to low Reynolds numbers. Although the Reynolds number might suggest
laminar flow, Alfieri et al. [10] demonstrated it can still lead to vortex shedding. This
turbulence is modeled using the standard
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−

turbulence model. The Reynolds

Averaged Navier-Stokes (RANS) equations were solved in the fluid domain. The RANS
equations model turbulent flow by decomposing the instantaneous field variables into
time-averaged and fluctuation of the field variables [23]. Collectively the RANS
equations consist of mass, momentum and energy balance equations along with the
equations governing turbulence quantities, κ and ε.
For incompressible, steady-state and Newtonian fluids, the mass balance has the form
∙
where

(2.1)

is the velocity vector. The steady-state momentum balance takes the form
∙

Here

=0

and

= −

+

∙

+

+

(2.2)

are the dynamic and turbulent viscosity coefficients of the fluid,

respectively. The steady-state energy balance equation, neglecting viscous dissipation
and heat sources, takes the form
∙
where ,

and

=

∙

+

∙

(2.3)

are the fluid density, specific heat at constant pressure and thermal

conductivity, respectively.
− turbulence model defines the turbulent viscosity as

The standard

=
where

and

(2.4)

are the turbulence kinetic energy (TKE) and turbulent dissipation rate

(TDR) respectively. The TKE and TDR for incompressible flows are defined as
+
+
where

∙

∙
−

−

=
=

−
−

represents the production of turbulent kinetic energy defined as
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(2.5)
(2.6)

=

+

(2.7)

The constants in the scalar transport equations take the following values [24]:
= 1.44

2.1.2

= 1.92

= 0.09

= 1.0

= 1.3

Solid Region Model

The governing equations for the solid region were solved only for the micro pin-fins
and the chip casing. This region was defined as made of silicon. This model requires
explicit specification of zero velocity in this region and that the material properties of the
solid region be used in the governing equations. With these restrictions placed on the
solid domain, the energy equation for the fluid domain reduces in the solid domain to the
steady-state heat conduction equation and takes the form
∙
where

=0

is the absolute temperature and

(2.8)

is the thermal conductivity of the solid

material.

2.2

Stress-Deformation Analysis

Stress-deformation analysis was performed on each of the three optimized micro pinfin geometries to study the effects of thermos-elastic and hydrodynamic loads on the
structural integrity of the cooling configuration. The steady-state conservation of linear
momentum for a homogeneous isotropic body [25] is given by
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−
where

∙

is the solid displacement vector,

−

=0

(2.9)

is the stress tensor and

is the body force.

For the steady-state analysis, the first term on the left-hand side is neglected. The body
force term is also neglected in this study. The stress tensor for a linear elastic body is
defined as
=2

where

and

+

I

(2.10)

are the first and second (shear modulus) Lame’s coefficients,

is the

strain tensor and I is the identity tensor. The first and second Lame coefficients are given
by
=

where

−−−−−

is the modulus of elasticity and

=

(2.11)

is the Poission’s ratio. The strain tensor, is

defined as
=

where

+

+ ∆ I−−−−−−−∆ =

is the coefficient of thermal expansion and

−

(2.12)

is the reference temperature. The

partial differential equations were solved using the Finite Element Method in ANSYS
Structural [26].
The Von-Mises stress criterion is used to determine structural integrity of the cooling
configuration. The objective of the design was to keep the maximum Von-Mises stress
below the yield strength of silicon. Von-Mises stress is defined as
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=

where

2.3

:

=

−

I

(2.13)

is the deviatoric stress tensor.

Solution Procedure

This section discusses the solution procedure for performing the conjugate heat
transfer analysis. It is sub-divided into three segments: Domain Discretization, Finite
Volume Method, and Velocity-Pressure Coupling.

2.3.1

Domain Discretization

Domain discretization consists of decomposing the solution domain into smaller
elements over which the governing equations are solved. For spatial discretization, the
solution domain is decomposed into smaller control volumes. Because ANSYS Fluent is
a cell-centered finite volume solver, the dependent variables are stored at the centroid of
each cell. The computational grid in this work was of the hybrid kind with structured grid
and unstructured grid throughout the domain. To fully capture the boundary layer
phenomenon, five layers of clustered structured hexahedral grid cells were placed on
each fluid-solid interface. The minimum allowable length scale of the cells was limited to
one micron to satisfy continuum so that the RANS equations can be solved for the fluid
domain. The remainder of the solution domain was discretized using tetrahedral cells.
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The domain discretization was performed in ANSYS Meshing. Figure 6 shows a typical
hybrid grid used in each analysis.

Figure 6. Typical hybrid computational grid used for the conjugate heat transfer analysis

2.3.2

Finite Volume Method

Having discretized the solution domains into control volumes, a method is still
needed to solve the governing partial differential equations. This work utilizes the Finite
Volume Method to solve the discretized governing equations over each of the control
volumes. This method requires that the governing equations be integrated over each
control volume and that the volume integral be converted to surface integral. The
dependent variables are then evaluated as fluxes entering and leaving the control volume.
This method is conservative since the flux entering the control volume is equal to the flux
leaving the control volume.
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2.3.3

Velocity-Pressure Coupling

Having discretized the system of equation suitable for Finite Volume Method, a
method for coupling the velocity and pressure is needed. This work utilized the SIMPLE
[27] (Semi-Implicit Method for Pressure Linked Equations) algorithm to achieve this
objective. The SIMPLE algorithm uses velocity-pressure relationship to enforce mass
conservation and to obtain the pressure field. This pressure field does not satisfy the
momentum conservation and must be corrected. The basis of the SIMPLE algorithm is
this pressure correction that is iterated until both continuity and momentum conservation
are satisfied. Figure 7 shows the flowcharts of the SIMPLE algorithm.

Figure 7. SIMPLE algorithm flow chart
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Figure 8 shows the typical conv
vergence hisstory of thee 3D conjuggate heat traansfer
an
nalysis carriied out in thiis work. It demonstrates
d
s that the connjugate heatt transfer anaalysis
has fully conv
verged, thus producing high
h
fidelity values of thhe objective functions.

Figure 8. Typ
pical converrgence historry of the conjugate heatt transfer annalysis perfoormed
in
n this study

2.4

Objective Op
ptimization
Multi-O

The ultim
mate goal of this
t work is to perform multi-objecttive optimization of the three
micro
m
pin-fin
n configuratiions. Having
g discussed tthe solutionn procedure ffor the conjuugate
heat transferr and stress-deformatio
on analysis , the optim
mization proocedure is now
prresented. Th
he optimizattion study consists
c
of ddefining dessign variablees that shouuld be
op
ptimized to either maxim
mize or min
nimize a certtain functionn referred too as the objeective
fu
unction.. Fig
gure 9 show
ws the typical optimizattion workfloow used in this study. Each
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section of the optimization procedure is explained in further detail in the subsequent
sections. All optimization was performed using commercial software modeFRONTIER
[28].

Figure 9. Workflow of different stages and software used

This methodology is used to optimize cooling configurations for a specified heat flux
that exceeds the heat flux of next generation electronic chips. A modified version of the
optimization set-up is presented in Section 2.6.
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2.4.1

Search Methods

There are two methods for performing optimization: deterministic and nondeterministic. Deterministic methods use gradient-based logic to arrive at the global
extremum, but tend to converge to a local extremum. Some gradient-based methods
include conjugate gradient method, BFGS and Sequential Quadratic Programming (SQP)
[29]. Non-deterministic methods use some form of random sampling to avoid
convergence to local extremas. Examples of non-deterministic methods include Particle
Swarm, Genetic Algorithm and Predator Prey to name a few.
This work used the NSGA-II [30] (Non-Dominated Sorting Genetic Algorithm) to
navigate through design space to search for optimum designs. The NSGA-II was selected
as the search method because of its proven convergence. The NSGA-II’s crowding
distance operator and non-dominated sorting approach provide computationally efficient
selection process and offer a wide spread of optimum designs.

2.4.2

Response Surface Methodology

Regardless of the search method used, a method for evaluating the objective function
is needed. This can be achieved by directly coupling the analysis software to the NSGAII algorithm, but it would be computationally expensive since each conjugate heat
transfer analysis requires seven hours to converge. For this reason, an efficient method of
computing the objective function is needed.
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A response surface can be used to fit a set of high fidelity values of the objective
function. An optimization algorithm can then very quickly read the interpolated values
off the objective function of the response surface. The response surface in this work was
constructed using Radial Basis Functions (RBF). The general formulation of RBF
interpolation is given as
=∑

where

| −

|

(2.14)

is the number of points used to construct the interpolation,

obtained from solving the linear system of equations and

are the weights

is the radial distance between

the points. The radial distance can vary depending on the RBF used. Table 1 shows the
various formulations used in this work.

Table 1. Formulations of Radial Basis Functions utilized for response surfaces used in
this study
Radial Basis Function

−
−

Hardy’s Multiquadrics [31]
−

Inverse Quadrics [32]

−

=
−

Gaussian [32]

−

=

+
+

=

Here, c is the shape factor that is determined using Leave-One-Out Cross Validation
(LOOCV) [32]. All three radial basis functions were tested for each optimization run and
the one with the smallest difference between the interpolated value and the computed
value (ANSYS Fluent) was selected as the method of choice. It should be reported that
one response surface is constructed for each objective function. Also, it should be noted
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that the input parameters to the response surface model are the design variables being
optimized while the outputs are the interpolated objective function values.
It is known that the accuracy of any interpolation is heavily dependent on the method,
number of interpolation points and the distribution of these points. Since the number of
variables differs for each optimization done in this study, the number of points used to
construct the response surface varies and is reported in the respective sections.
For accurate interpolation, an even distribution of points within the domain is needed.
For this reason, the quasi-random sequence generation SOBOL’s algorithm [33] was used
to fill the design space.

2.5

Inverse Design of Electronic Cooling Configurations

The inverse approach presented in this work allows for the design of cooling
configuration without having prior knowledge of operating heat flux level. The inverse
design problem can be formulated in a question form:
“Given the fluid inlet conditions, what is the maximum allowable heat flux at the hot
spot and background that can be imposed without exceeding the maximum allowable
temperature?”
The inverse problem is solved using a constrained multi-objective optimization [34].
The previously presented methodology, genetic algorithm coupled with response surface,
can also be applied to the inverse problem with minor adjustments to constraints and
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objective functions. Figure 10 shows the optimization set-up used to solve the inverse
problem.

Figure 10. Formulation of the inverse design problem

This procedure was applied to each of the three micro pin-fin geometries for a fair
comparison. The goal of the inverse problem is to identify a cooling pin-fin shape and
scheme that is able to maximize the applied heat flux while minimizing the inlet pressure
and keeping the maximum temperature from not exceeding the specified limit for the
given material and inlet coolant temperature.
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CHAPTER I1I

3.

MULTI-OBJECTIVE OPTIMIZATION OF MICRO PIN-FINS

This section discusses the results of the optimization study when the micro pin-fins
are optimized for a specified heat flux. This approach is most commonly used in the
industry. The section is divided into two sub-sections where the three cooling
configurations are optimized for both uniform heat flux and non-uniform heat flux. The
assumptions and optimization conditions for each study are reported in their respective
sections.

3.1

Geometry Definition of Micro Pin-Fins

For any shape optimization study, the configuration must first be parameterized. This
section presents the method for defining each of the three pin-fin shapes considered and
the cooling configuration. All parameters presented in this section are also design
variables that will later be optimized.
All electronic chips considered in this study have a footprint of 4 x 3mm. Those
electronic chips with hot spots have the hot spot dimension of 0.5 x 0.5mm. Figure 11
shows one such chip featuring a hot spot and circular cross section pin-fins.
Each configuration features a channel outlet of the same thickness as the pin fins.
This is done to suppress backflow and increase heat conduction at the outlet. The cooling
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Figuree 11. Dimension of the cchip used in this study
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The spline equation defining this airfoil profile is given as

=5

where

0.2969

− 0.1260 − 0.3516

is the chord length,

maximum relative thickness and

3.2

+ 0.2843

− 0.1015

is the position along the chord from 0 to ,

(3.1)

is the

is the half thickness at a given value of .

Multi-Objective Optimization for Uniform Heat Flux

This section presents the optimization set up and results of the optimization study
when applied to design of micro pin-fins under the influence of uniform heat flux. The
section is divided into problem formulation, un-optimized configurations, optimized
configurations and stress-deformation analysis of the optimized configurations.

3.2.1

Problem Formulation

For a fair comparison of the various micro pin-fin shapes, all three shapes (shown in
Figure 5) were optimized under the same conditions. All three shapes were optimized for
a uniform heat flux of 500 W/cm2 on the top surface of the chip. A gauge pressure of
20kPa was applied at the outlet since cooling configurations are pressurized to avoid
cavitation. The bottom surface along with all of the sidewalls was thermally insulated to
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assure that the fluid removes all of the heat. The inlet fluid temperature was kept constant
at 30oC.
The design variables for the optimization include both the geometric parameters as
well as the inlet fluid velocity. For all optimization studies, a range must be specified for
each design variable. This range is defined by the user to take into account constraints or
manufacturing difficulties. The optimizer will then search within this range for the
optimum design. Table 2 shows the range and the step size for each design variable.

Table 2. Range for design variables defining inlet conditions and the pin-fin
configuration
Design Variable
Inlet Velocity
Height
Diameter
Chord
Thickness

Range
1-5 m/s
100-250
100-200
200-300
80-160

Step Size
0.2 m/s
50
10
10
10

The two objectives of this study were:
1. Minimize maximum temperature
2. Minimize inlet pressure (pressure drop)
A constraint of maximum allowable temperature of 85oC was imposed in all
optimization studies. Fully 3D conjugate heat transfer analysis was performed on 30
candidate designs having circular cross section pin-fins and 50 candidate designs having
airfoil and convex cross section pin-fins. The response surfaces (one for each objective
function) created with these data sets were coupled with the NSGA-II algorithm.
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3.2.2

Random Un-Optimized Configurations

To compare and test the performance of the optimization, one configuration for each
pin-fin shape was randomly created using the SOBOL’s algorithm. The results from the
conjugate heat transfer analysis are presented in this section.
Figure 13 shows the temperature field for the random configurations of the three pinfin geometries. It can be seen that smaller heights result in much higher temperatures due
to reduced heat transfer via convection.

a)

b)

c)
Figure 13. Temperature distribution for non-optimized configurations of pin fins having:
a) circular, b) airfoil, and c) convex cross sections.

Figure 14 shows the pressure field at mid-height of each configuration.
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a)

b)

c)
Figure 14. Pressure field for non-optimized configurations of pin fins having: a) circular,
b) symmetric airfoil, and c) symmetric convex cross sections.

3.2.3

Optimized Configurations

Figure 15 shows the Pareto fronts obtained using the NSGA-II algorithm. It shows the
virtual Pareto designs (green) and the initial population (red) used to construct the
response surface. Although the response surfaces were validated for certain designs, it is
extremely difficult to achieve global accuracy. To investigate any local discrepancies in
the response surface, four designs were selected from each of the three Pareto fronts, and
were analyzed in ANSYS Fluent. It was found that the objective function values from the
response surface deviated by less that 3% from those obtained from the conjugate heat
transfer analysis.
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a)

b)

c)
Figure 15. Objective function space for initial population and virtual Pareto designs for
arrays of micro pin-fins having: a) circular, b) airfoil, and c) convex cross sections.

Table 3 shows the geometric parameters defining each Pareto-optimized micro pin-fin
configuration along with their respective objective function values.
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Table 3. Parameters and objective function values for the three Pareto-optimized pin-fin
geometries

Diameter (
)
Chord Length (
)
Thickness (
Height (

Circular
120
-

Convex
290

-

90

90

250

250

250

2.2

3

4.4

56

52

53

101.40

96.55

89.00

)
)

Inlet Velocity (m/s)
Maximum Temperature
(oC)
Inlet Pressure (kPa)

Airfoil
210

Figure 16 shows the temperature distribution through each of the three optimized pin-fin
configurations. It can be seen from Figure 16 and Table 3 that the maximum temperature
for the circular cross section pin-fins is higher than that of the pin-fins having airfoil and
convex cross sections. This suggests that airfoil and convex cross section pin-fins are
better able to transfer heat from the pin-fins to the moving fluid.

a)

b)
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c)
Figure 16. Teemperature distribution
d
for the optim
mized configurations off pin fins haaving:
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sectionns.
a)) circular, b)) airfoil, and c) convex cross

Figuree 17 shows the
t pressuree distributionn on a slice placed at m
mid-height off each
of the configu
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a)

bb)

c)
Figure 17. Prressure field
d for optimizzed configurrations of piin fins havinng: a) circulaar, b)
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ymmetric airrfoil, and c) symmetric convex
c
crosss sections.
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Table 4. Objective function values for non-optimized and Pareto optimized arrays of
micro pin-fins for each of the three pin fin geometries.

Un-Optimized
Circular
Optimized
Circular
Un-Optimized
Airfoil
Optimized
Airfoil
Un-Optimized
Convex
Optimized
Convex

3.2.4

T
(oC)

ΔT% from
un-optimized
configuration

P (kPa)

ΔP% from
un-optimized
configuration

54

-

146.18

-

56

-4

101.4

30

57

-

188.36

-

52

9

96.55

49

56

-

180.47

-

53

6

89.0

51

Stress-Deformation Analysis of Optimized Configurations

Depending on the sensitivity of the optimum designs, even the slightest deviation
from the optimum configuration can lead to significant reduction in performance. The
geometric deviations, for example, can be due to manufacturing defects, thermal
expansion or hydrodynamic loads. These deformations can give rise to stresses high
enough to cause structural failure. The displacement fields and stress fields were
analyzed for each Pareto-optimized configuration where both thermal and hydrodynamic
loads were incorporated into the model. All external sides of the chip were fixed so as to
investigate the stresses and deformation on the pin-fins.
Figure 19 shows the displacement field for the three pin-fin configurations. It can be
seen that even with the thermal and hydrodynamic loads, the maximum displacement is
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still on the nano-level. This suggests that geometric deviations, and therefore deviation
from the optimum configuration, are miniscule.

(

)

a)

(

b)
(

)

c)
Figure 19. Displacement field due to hydrodynamic and thermal loads on Pareto
optimized pin fin having: a) circular, b) airfoil and c) symmetric convex cross section

Figure 20 shows the Von-Mises stress field for the three optimized configurations. It
can be seen that the maximum Von-Mises stress ranges from 55 to 85 MPa and are
significantly lower than the yield strength of 7000 MPa for silicon [35]. This shows that,
from a structural view point, the hydrodynamic loads and thermal loads can be
significantly increased without comprimising structual integrity.
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a)

b)

c)
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mics and therrmal loads oon pin
Figure 20. Vo
fiins having: a)
a circular, b) airfoil and c) symmetriic convex crross section
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3.3.1

Problem Formulation

Dissimilar to the previous section, the configurations in this optimization study
feature a centrally located hot spot of dimension 0.5 x 0.5 mm. A heat flux of 500 W/cm2
and 2000 W/cm2 was imposed on the background and the hot spot, respectively [36]. The
same boundary conditions were imposed on the outlet, bottom and sidewalls as in the
previous optimization study. The inlet fluid temperature was again kept constant at 30oC.
The range for design variables, objectives, and constraints are the same as those
defined in Section 3.1.2. A total of 30 candidate designs were analyzed to create the
response surfaces for the circular pin-fins and a total of 50 designs were analyzed for the
airfoil and convex pin-fins. The response surfaces (one for each objective function) were
coupled with the NSGA-II algorithm.

3.3.2

Random Un-Optimized Configurations

This section presents the random un-optimized configurations with a hot spot created
using Sobol’s algorithm for comparison with the optimized configurations. Figure 21
shows the temperature field for the three non-optimized configurations.
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a)

bb)

c)
Figure 21. Temperature
T
distribution
n for the noon-optimizedd configurattions of pinn fins
having: a) cirrcular, b) airffoil, and c) convex
c
crosss sections.

Figure 22
2 shows the pressure fieeld at mid hheight of eacch pin-fin coonfiguration. The
laarge stagnattion point can
c
be seen
n at the leaading edge of the circcular and aairfoil
geometries. It
I can be seen
s
that th
he pressure is much hhigher than in the casse of
onfiguration
ns optimized for uniform
m heat flux. T
This is becauuse the higheer heat flux aat the
co
hot spot requiires a greaterr flow rate to
o remove thee additional thermal eneergy.

a)

bb)
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c)
Figure 22. Pressure field for non-optimized configurations of pin fins having: a) circular,
b) symmetric airfoil, and c) symmetric convex cross sections.

Figure 23 shows the non-uniform temperature profile on the bottom surface of the
chips. It should be noted that the lower temperatures on the bottom surface of the chips
indicate that more of the heat is being removed by the fluid via convection.

a)

b)

c)
Figure 23. Temperature field on the bottom surface for non-optimized configurations of
pin fins having: a) circular, b) symmetric airfoil, and c) symmetric convex cross sections.

3.3.3

Optimized Configurations

This section presents the results of the optimization study. For this study, it was found
that Hardy’s Multiquadrics RBF outperformed Inverse Quadrics and Gaussian RBF. For
this reason, the NSGA-II algorithm was coupled with the Hardy’s Multiquadrics RBF.
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Figure 24 rep
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Table
T
5. Paraameters and objective fu
unction valuees for the thhree Pareto ooptimized piin fin
geometries
n-fin Configuration
Pin
Parameteers
Diameter ( )
Chord
C
length
h( )
Thickness ( )
Height ( )
Inlet
I
speed (m/s)
(
Max
x. Temperatture (oC)
In
nlet pressuree (kPa)

Circular

Symmetrric
Airfoill

mmetric
Sym
Coonvex

280
110
250
4.4
70
274.42

2270
1110
2250
4.0
73
2112.55

170

250
2.8
74
327.77

Figure 25 shows the tem
mperature distribution thhrough the cchip. It can be seen thaat the
ciircular crosss section pin fins result in
n a higher m
maximum tem
mperature thhan the airfoiil and
co
onvex cross section shap
pes.

a)

b)

c)
d
for the optim
mized configurations off pin fins haaving:
Figure 25. Teemperature distribution
a)) circular, b)) airfoil, and c) convex cross
c
sectionns.
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Figure 25 also shows the higher temperatures at the base of the circular pin-fins. This
suggests that the heat is not efficiently being transferred to the fluid, rather it is being
carried to the bottom of the chip via conduction. This is not seen in the case of pin-fins
having symmetric airfoil and convex shapes as is evident from the lower temperatures
near the bottom surface.
Figure 26 shows the temperature distribution on the bottom surface of the three
Pareto-optimized configurations. As previously mentioned, the higher temperatures on
the bottom surface of the circular cross section pin-fins are due to insufficient convective
heat transfer between the pin-fins and the cooling fluid. The higher temperature on the
bottom surface of circular cross section pin-fins would require a two-floor configuration
[13].

a)

b)

c)
Figure 26. Temperature field on the bottom surface for optimized configurations of pin
fins having: a) circular, b) symmetric airfoil, and c) symmetric convex cross sections

Table 6 shows the objective function values for the Pareto-optimized and nonoptimized configurations. It should be mentioned that a different Pareto design may be
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selected from the Pareto front that best satisfies the needed performance. When selecting
the presented Pareto designs, priority was given to lower pressure. It can be seen that the
Pareto-optimized airfoil and convex cross section pin-fin designs satisfy both objectives
better than the circular cross section pin-fins.

Table 6. Objective function values for non-optimized and Pareto optimized arrays of
micro pin-fins for each of the three pin fin geometries
Non-optimized circular
Optimized circular
Non-optimized airfoil
Optimized airfoil
Non-optimized convex
Optimized convex

3.3.4

T (oC)
76
74
77
70
76
73

ΔT (%)
-3
-9
-4

p (kPa)
379.89
327.77
282.16
274.42
261.37
212.55

Δp (%)
-14
-3
-19

Stress-Deformation Analysis of Optimized Configurations

This section presented the results of the stress-deformation analysis of the Paretooptimized configurations with a hot spot subjected to high thermal loads. All external
sides of the chip were fixed so as to investigate the stresses and deformation on the pin
fins. Figure 27 shows the displacement field for each of the configurations. Despite the
increased thermal loads and hydrodynamic loads, the maximum displacement remains on
the nano-level. The maximum displacement can be seen to occur at the leading edge of
the pin-fins at the outlet. This is because of the increased thermal loads due to the warmer
fluid.

44

(

(

)

a)

)

bb)
(

)

c)
D
nt field duee to hydroddynamic annd thermal loads on P
Pareto
Figure 27. Displacemen
op
ptimized pin
n fin having: a) circular, b) airfoil annd c) symmetric convex cross sectionn

stress field ffor the threee optimized cconfiguratioons. It
Figure 28
8 shows the Von-Mises
V
caan be seen that
t
the high
her stresses are
a concentrrated directlly under the hot spot. Thhis is
atttributed to the
t significantly increaseed thermal looads and thee fixed bounndary betweeen the
pin-fins and the
t rest of th
he chip. Figu
ure 28 showss that maxim
mum Von-Mises stress foor the
th
hree configu
urations rang
ges from 67 to 97 MPa, again beingg significantlly lower thaan the
yield strength
h of 7000 MPa
M for siliccon. This sugggests that, from a struuctural viewppoint,
both thermal and hydrod
dynamic loaads can be ffurther increeased withouut comprom
mising
sttructural inteegrity.
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a)

bb)

c)
on-Mises strress distributtion due to hhydrodynam
mics and therrmal loads oon pin
Figure 28. Vo
fiins having: a)
a circular, b) airfoil and c) symmetriic convex crross section
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CHAPTER IV

4.

INVERSE DESIGN AND PERFORMANCE MAP CONCEPT

This section presents the setup and the results of the inverse design approach when
applied to each of the three pin-fin configurations. The inverse design approach answers
the question: Given the inlet coolant temperature, what are the maximum possible
background and hot spot heat fluxes that can be imposed without exceeding a specified
maximum allowable temperature, while minimizing inlet pressure of the cooling fluid?

4.1

Problem Formulation

This inverse design problem can be solved using a multi-objective optimization. The
same methodology that was used for direct optimization of the configuration was also
applied here with additions to the objective functions. Two additional objectives were
incorporated into the existing multi-objective optimization model:
1. Maximize background heat flux
2. Maximize hot spot heat flux
Rather than minimizing the maximum temperature, it was constrained at 85oC. The inlet
cooling fluid temperature in this optimization study was constrained at 30.85oC. The
outlet was again pressurized at 20kPa gauge. Table 7 shows the design variables being
optimized, their ranges and the step sizes used in this study.
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Table 7. Range of design parameters and increment sizes.
Design variable
Range
Step size
100 - 200
10
Pin-fin diameter ( )
200
300
10
Pin-fin chord length ( )
80 - 160
5
Pin-fin thickness ( )
100
250
50
Pin-fin height ( )
Coolant inlet speed (m/s)
1-8
0.1
Background
heat
flux 650 – 2000
5
(W/cm2)
Hot spot heat flux (W/cm2)
2300 – 5000
10

Various response surface methods, including RBF, Kriging and Gaussian Process
were investigated, with Hardy’s Multiquadrics outperforming the rest. The objective
function values from the response surface deviated by 2% from those obtained from the
conjugate heat transfer. The response surface was created using 120 candidate micro pinfin designs.

4.2

Results of the Inverse Design

The results of the optimization study are presented in this section. Figure 29 shows
the Pareto front obtained by coupling NSGA-II and response surface. It can be seen that
the points on the Pareto front are scattered. This is because discrete values of the design
variables are used. Should the design variables be continuous, the Pareto front will have a
more defined shape.
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a)

b)

c)
hree-dimensiional Pareto frontiers forr arrays of ppin fins havinng: a) circullar, b)
Figure 29. Th
aiirfoil and c) symmetric convex
c
crosss section

Table
T
8 show
ws the geom
metric parameeters, inlet cconditions aand objectivee function vvalues
fo
or the three optimized configuration
c
ns of pin-finns. It can bee seen that the convex cross
seection pin-ffins allow for
f higher background
b
heat flux application, while requuiring
minimum
m
maass flow ratte. It showss that the aairfoil cross section pinn-fins can bbetter
withstand
w
a higher
h
hot spot
s
heat flu
ux. Those P
Pareto-optim
mal designs were choseen for
co
omparison purposes
p
thatt have similaar inlet presssure.
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Table
T
8. Parameters and boundary
b
co
onditions for Pareto optim
mized configgurations
Pin-fin cross
c
section
n
Pin-fin
P
diameeter ( )
Pin-fin
P
chord
d length ( )
Pin-fin
P
thickn
ness ( )
Pin-fin
P
heigh
ht ( )
Coolant
C
inlett speed (m/s))
Background
B
heat flux
2
(W
W/cm )
Hot
H spot heatt flux (W/cm
m2)
Coolant
C
inlett pressure (kP
Pa)

Circcular
120

Airffoil

Convvex

250
6.1
805

280
120
200
4.7
760

220
130
250
4.6
995

22000
395.1171

25400
409.746

2240
393.3390

a)

b)

c)
d
mized configurations off pin fins haaving:
Figure 30. Teemperature distribution
for the optim
a)) circular, b)) airfoil, and c) convex cross
c
sectionns.
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Figure 30
0 shows the temperaturee distributionn for the thrree selected Pareto-optim
mized
designs. It caan be seen th
hat for the symmetric aiirfoil cross ssection pin-ffin configuraation,
he temperatu
ures can furth
her be decreased using a two-floor cconfigurationn.
th
The temp
perature distrribution on the
t bottom ssurface of thhe chip, shoown in Figurre 31,
allso suggestss that the heeat flux can
n be furtherr increased on the conffiguration haaving
sy
ymmetric aiirfoil cross section pin--fins if a tw
wo-floor schheme is appplied. The hhigher
teemperatures on the botttom surfacee of the airrfoil are also due to m
more heat bbeing
co
onducted through pin-fi
fins, due thee increased ccross sectioonal areas reesulting from
m the
op
ptimization process. Th
he temperatu
ure distributiion is similaar in the casse of circulaar and
co
onvex pin fin
ns.

a)

b)

c)
Figure 31. Teemperature field
f
on the bottom surfface for opttimized conffigurations oof pin
a circular, b) symmetricc airfoil, and c) symmetriic convex crross sectionss
fiins having: a)

Figure 32
2 shows the pressure distribution att mid-heightt of the threee micro pinns-fin
onfiguration
ns. Again, th
he high preessure stagnaation point can be seenn in the caase of
co
sy
ymmetric airfoil and cirrcular cross section pin--fins. It can be reportedd that nowheere in
th
he fluid dom
main did the pressure
p
drop
p to the vapoorization preessure of waater.
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a)

b)

c)
Figure 32. Prressure field
d for optimizzed configurrations of piin fins havinng: a) circulaar, b)
sy
ymmetric airrfoil, and c) symmetric convex
c
crosss sections
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CHAPTER V

5.

CONJUGATE ANALYSIS OF PIN-FIN ARRAYS WITH HEAT SPREADERS

The effects of thickness and material of a thin film coating on temperature
distribution is presented in this section. The thin film heat spreader can be used on the top
(hot) surface of the silicon chip. Two different materials, diamond and graphene nanoplatelets, were investigated. Temperature variations along two sample lines are shown for
each case. The effect on temperature uniformity of each scheme is also discussed.

5.1

Problem Formulation

Thin film heat spreaders are often used to dissipate the heat away from the hot spot
and consequently to lower the maximum temperature peak at the hot spot. In this study
the effects of diamond and graphene nano-platelets on each of the three pin-fin
configurations were investigated [37].

Table 9. Geometric parameters and boundary conditions used for each analysis
Pin-fin cross section
Pin-fin diameter ( )
Pin-fin chord length ( )
Pin-fin thickness ( )
Pin-fin height ( )
Coolant inlet speed (m/s)
Background heat flux (W/cm2)
Hot spot heat flux (W/cm2)

Circular
120
250
5.1
705
2200
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Airfoil
280
120
200
5.5
875
2200

Convex
220
130
250
4.8
665
2280

The geom
metric param
meters, heatt fluxes andd inlet veloocity for eaach of the three
co
onfiguration
ns used are shown
s
in Taable 9. The hheat flux levvels were obbtained usinng the
in
nverse design approach. The outlet pressure andd inlet tempperature weree the same aas for
th
he inverse deesign. The bo
ottom and siidewalls werre again therrmally insulaated.
A comparrison of the solution obtained using a grid of 400 and 50 milllion cells showed
a deviation by
b less than 1%, thereby
y assuring ggrid indepenndency. Figuure 33 show
ws the
teemperature distribution
d
on
o the top su
urface of thee three pin-fiin configurattions withouut any
th
hin film coatting. The two
o sample lin
nes (streamw
wise and crosss-stream) arre shown as w
well.
Sample Line 2

Samp
ple Line 1

a)

b)

c)
Figure 33. Temperature distribution on the top surface of the top walll of the array of
micro
m
pin-fin
ns with: a) ciircular, b) airfoil and c)) convex crooss sections and withoutt heat
sp
preader

5.2

Conjug
gate Analysiss: Diamond Thin
T
Films

The effeccts of diamo
ond thin film
ms on the thhree configurrations of m
micro pin-finns are
prresented in this
t section. A total of th
hree thin film
m thicknessees were inveestigated forr each
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pin-fin configuration: 5

, 10

and 15

. Here, the thermal conductivity of

diamond was taken as 1700 Wm-1K-1. The temperature distribution along the two sample
lines is also shown for the three configurations.
Figure 34 shows the temperature distribution on the top surface of the circular pin-fin
configuration for the three film thicknesses. It can be seen that the maximum temperature
has significantly decreased. It also shows that diamond thin film is very effective in
dissipating the heat away from the hot spot, even in the upstream direction.

a)

b)

c)
Figure 34. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having circular cross section pin fins with: a) 5 m, b) 10 m and c)
15 m diamond heat spreader.

Figure 35 shows the temperature distribution along the two sample lines (cross-wise
and stream-wise). These results suggest that a thin film thickness exists beyond which
further decrease in temperature is no longer possible. Figure 35 also suggests that the
diamond thin film has an effective area, outside of which the temperature remains
unchanged. It should be mentioned that the oscillations in the temperature are due to the
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presence of pin-fins along the sample lines below the top wall. These pin-fins increase
heat conduction in this area, thereby leading to locally reduced temperatures.

a)
b)
Figure 35. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having circular
cross sections.

Figure 36 shows the temperature distribution on the top surface of the chip with
airfoil cross section pin-fins. The temperature distribution suggests that more heat is
being spread in the cross-stream direction than in the stream-wise direction. This
improves temperature uniformity, which in turn reduces the thermal stresses.

a)

b)
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c)
Figure 36. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having airfoil cross section pin fins with: a) 5 m, b) 10 m and c) 15
m diamond heat spreader.

Figure 37 shows the temperature along the two sample lines for the micro pin-fin
arrays having airfoil cross sections and its top wall coated with a thin diamond film. It
can be seen that temperature oscillations have greatly reduced suggesting improved
temperature uniformity. The limited area of effectiveness is again seen in this analysis.

a)
b)
Figure 37. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having airfoil
cross sections.
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a)

b)

c)
Figure 38. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having convex cross section pin fins with: a) 5 m, b) 10 m and c)
15 m diamond heat spreader.

Figure 38 shows the temperature distribution on the top surface for the convex pin-fin
configuration. It shows that more of the heat is being removed in the cross-stream
direction as can be seen by the elevated temperatures towards the outlet.
Figure 39 shows the temperature variation along the two sample lines in this case. It
can again be seen that with an increase in thin film thickness, the performance gain
decays. For all three pin-fin configurations, diamond thin films have shown to also
improve local temperature uniformity as can be seen by the absence of temperature
oscillations.
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a)
b)
Figure 39. Temperature variation along: a) sample line 1 and b) sample line 2 for the
diamond coated top surface of the top wall of an array of micro pin-fins having convex
cross sections.

5.3

Conjugate Analysis: Graphene Nano-Platelets Thin Films

The effects of Graphene Nano-Platelets on the maximum temperature and
temperature distribution are presented in this section. The temperature distribution on the
top surface and along the two sample lines is shown for each case. The thermal
conductivity of GNP was found to be approximately 5000 Wm-1K-1. However, this high
value of thermal conductivity is only experienced for a single “sheet” or atomic plane of
GNP with an approximate thickness of 1nm. Balandin [38] reported that the thermal
conductivity drastically decreases with additional layers of GNP. He stated that for a thin
film consisting of more than four atomic planes, the thermal conductivity drops below
that of the bulk graphite, but with sufficient number of layers it recovers. Due to the
sufficiently thick layers of GNP used in this work, it can be assumed that the thermal
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conductivity of GNP recovers to values of bulk graphite (k = 1400 Wm-1K-1) [38]. The
thermal conductivity of GNP was assumed to be isotropic because of the random
orientation of the GNPs arising when creating films of large thicknesses

a)

b)

c)
Figure 40. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having circular cross section pin fins with: a) 5 m, b) 10 m and c)
15 m graphene nano-platelets heat spreader.

Figure 40 shows the temperature distribution on the top surface of the circular cross
section pin-fin configuration. It shows that thin coating does not have a significant effect
on either the maximum temperature or its distribution. For significant reduction in the hot
spot temperature, thicker coating should be used.
Figure 41 shows the temperature variation along the two sample lines. The large
difference between the 5

and 10

graphene nano-platelets thin film is evident. It

suggests that for any measurable performance gain, a GNP film thickness of more than 5
is needed. A too thin coating also has insignificant effect on the local and global
temperature uniformity.
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a)
b)
Figure 41. Temperature variation along: a) sample line 1 and b) sample line 2 for the
graphene nano-platelets coated top surface of the top wall of an array of micro pin-fins
having circular cross sections.

The temperature distribution on the top surface of the chip having pin-fins with
symmetric airfoil cross section is shown in Figure 42. It indicates that even the smallest
thin film thickness offers significant improvement for the airfoil cross section pin-fin
shape over the circular cross section pin-fins. This is shown by the higher temperatures
away from the hot spot in the cross-stream direction.

a)

b)
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c)
Figure 42. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having airfoil cross section pin fins with: a) 5 m, b) 10 m and c) 15
m graphene nano-platelets heat spreader.

a)
b)
Figure 43. Temperature variation along: a) sample line 1 and b) sample line 2 for the
graphene nano-platelets coated top surface of the top wall of an array of micro pin-fins
having airfoil cross sections.

The temperature variations along the sample lines, shown in Figure 43, indicate that
even the 5

thick heat spreader coating offers significant reduction in the hot spot

temperature. As in the case of the diamond thin films, the performance gains of the GNP
thin film rapidly decrease as the thickness increases. This conclusion agrees with the
findings of Fukatani and Shakouri [18].
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The temperature distribution for the convex cross section pin-fins coated with GNP
heat spreader (Figure 44) is similar to that of the airfoil cross section pin-fin
configuration coated with GNP.

a)

b)

c)
Figure 44. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array having convex cross section pin fins with: a) 5 m, b) 10 m and c)
15 m graphene nano-platelets heat spreader.

Figure 45 shows the temperature distribution along the two sample lines. It suggests
that like the diamond thin film, the GNP thin film also has an effective area outside of
which performance gains are insignificant. It also shows that even the thinnest coating
improves local temperature uniformity.
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a)
b)
Figure 45. Teemperature variation along: a) sam
mple line 1 aand b) sampple line 2 foor the
grraphene nan
no-platelets coated
c
top surface
s
of thhe top wall oof an array oof micro pinn-fins
having conveex cross sectiions.
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own that both
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th
hin films
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In this section, the effect of restricting the thin film over the hot spot and slightly
beyond the hot spot boundaries is investigated. The thin film was extended 0.25mm from
the boundaries of the hot spot (Figure 46). The thin film thickness for both materials was
kept constant at 15

.

Figure 47 shows the temperature distribution on the top surface of the three pin-fin
configurations partially coated with diamond thin film. When compared to the fully
coated top surface, it can be seen that the partially coated thin film significantly reduces
the hot spot temperature. However, it has very little effect on the temperature uniformity.
This is because the partially coated thin film is not able to effectively dissipate heat away
from the hot spot to cooler regions.

a)

b)

c)
Figure 47. Temperature distribution on the top surface of the top wall of the array of
micro-pin fin array with: a) circular, b) airfoil and c) convex cross section and with
segmented diamond heat spreader

Figure 48 shows the temperature distribution on the top surface of the three pin-fin
configurations when partially coated with GNP. It can again be seen that the segmented
thin film can significantly lower the maximum temperature at the hot spot, but that the
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non-uniform temperature distribution has been insignificantly affected. This suggests that
although coating only a small region of the chip can reduce material cost, it cannot
significantly decrease temperature non-uniformity.

a)

b)

c)
Figure 48. Temperature distribution on the top surface of the top wall of the array of
micro-pin-fins with: a) circular, b) airfoil, and c) convex cross section and with
segmented graphene nano-platelets heat spreader

Figure 49 shows the temperature distribution along the two sample lines for fully and
partially coated top (hot) surface. In the case of the diamond thin films, the maximum
temperature difference between the full coating and partially coating is negligible. It also
shows that the full coating significantly improves temperature uniformity as can be seen
by the absence of the oscillations. In the case of the GNP coating, a small difference in
maximum temperature can be seen between the partially and fully coated configurations.
Figure 49b shows the temperature distribution along the streamwise direction. It can
be seen that the fully coated top surface carried heat via conduction further upstream.
This allows for the cooling process to begin further upstream as can be seen by the lower
temperatures at the leading edge of the chip.
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a)
b)
Figure 49. Temperature variation along: a) sample line 1 and b) sample line 2 for array of
micro pin-fins having airfoil cross section and fully and partially coated with diamond
and graphene nano-platelets.

5.5

Conjugate Analysis of Thin Film Heat Spreaders: Summary

The results of the conjugate heat transfer analysis of the thin film heat spreaders are
summarized in this section.
Table 10 summarizes the maximum temperature for each of the three pin-fin
configurations when the top (hot) surface of the chip is coated with diamond. It can be
seen for all three configurations that the maximum temperature decreases as the film
thickness increases. It is also apparent that a coating thickness exists after which further
increase in thickness will result in insignificant decrease in maximum temperature.
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Table 10. Maximum temperature (oC) for the three pin fin configurations with the top
surface of the top wall coated with diamond heat spreader for various film thicknesses.
Thickness
No Film
5
10
15
Segmented

Circular
91
86
73
71
71

Airfoil
82
73
68
66
66

Convex
84
75
68
65
65

Table 11 summarizes the maximum temperature for each of the three pin-fin
configurations when coated with Graphene Nano-Platelets (GNP). When compared to
diamond film coating (Table 10), it can be seen (Table 11) that the GNP thin film is just
as effective in reducing maximum temperature as the diamond heat spreader, but at lower
material costs. The conclusion for diamond heat spreaders also applied for GNP heat
spreaders.

Table 11. Maximum temperature (oC) for the three pin fin configurations with the top
surface of the top wall coated with graphene nano-platelets heat spreader for various film
thicknesses.

Thickness
No Film
5
10
15
Segmented

Circular
91
87
75
63
63

Airfoil
82
74
69
67
67

68

Convex
84
76
70
67
67

CHAPTER VI

6.

CONCLUSIONS

This section is separated into a summary of the thesis and future work.

6.1

Summary of Thesis

Various arrays of micro pin-fins were investigated computationally for their potential
to cool the next generation of electronic chips that will have much higher background
heat fluxes and a hot spot. Throughout the study, water was used as the heat removing
fluid and silicon was used for the solid pin-fins and casing. Three-dimensional conjugate
heat transfer analysis was performed on electronic chips having circular, symmetric
airfoil and convex cross sections. It was shown that the symmetric airfoil and convex
shapes eliminated flow separation that is experienced by the circular pin-fins. It was also
shown that both airfoil and convex pin fins not only lead to lower temperature than the
circular pin-fins, but also require less pumping power.
For each of the three cross section shapes of the pin-fins, two optimization studies
were performed to find an optimum configuration for each of the three shapes under two
different operating conditions. The cooling configurations were defined by their
geometric parameters and inlet conditions. The three configurations were optimized for
two operating conditions:
 Uniform heat flux of 500 W/cm2
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 Background heat flux of 500 W/cm2
 A hot spot heat flux of 1000 W/cm2
The two objectives of both optimization studies were:
 Minimize maximum temperature
 Minimize inlet pressure (pumping power)
It was shown that optimized micro pin-fin configurations are capable of cooling next
generation heat fluxes. The stress-deformation analysis performed on the optimized
configurations showed that the maximum Von-Mises stress is significantly lower than the
yield strength of silicon.
An innovative inverse approach that allows for the design of cooling configuration
without prior knowledge of operating conditions was also presented and validated. This
inverse problem was solved using multi-objective optimization where two more
objectives were added to the previous optimization study. The three simultaneous
objectives were:
 Maximize background heat flux
 Maximize hot spot heat flux
 Minimize inlet pressure (pumping power)
while constraining the maximum temperature at 85oC. It was shown that arrays of micro
pin-fins with symmetric airfoil cross section are able to cool a background heat flux of
760 W/cm2 and hot spot heat flux of 2540 W/cm2. These heat flux levels are beyond that
of next generation electronic chips.
To further improve the cooling performance, thin film heat spreaders of varying
thickness located on the top (hot) surface of the chip were investigated to further decrease
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the maximum temperature. The two thin film materials investigated included diamond
and graphene nano-platelets. It was shown that increasing the thin film thickness leads to
lower maximum temperature at the hot spot. It was also shown that an optimum thickness
exists beyond which further increase in thin film thickness no longer results in significant
performance gains. An observation was made that even the smallest thin film thickness
improves both overall and local temperature uniformity. It was noticed that for the
circular cross section pin-fins, a thin film thickness of more than 5

is needed to create

any measurable performance. The thin films significantly lower the maximum
temperature for all three pin-fin cross section shapes.

6.2

Future Work

The following suggestions can be incorporated into future works:

1) More design parameters can be used to define the geometry of the pin-fin cross
section shapes and stagger of the pin-fins and incorporated into the optimization.
2) A larger number of suitable objective functions, such as temperature uniformity
and manufacturing cost, can be included in the optimization study.
3) The inverse design approach can be applied to configuration with thin films to
further increase the allowable heat flux.
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4) Configurations featuring more hot spots can be analyzed and optimized. This
would require a robust optimization approach since the location of the hot spots
are not usually known.
5) Optimization of two-floor configurations can be performed. It was shown that the
temperature on the bottom surface remains relatively high and would require twofloor configuration.
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